The methods of the dark signal determination by direct contemporaneous measurements using a light spectrum and modelling of the dark signal based on the dark signal characterisation data were discussed. These techniques were tested with two charge-couple detectors (CCD) array spectroradiometers used in solar UVR measurements. The sensitivity of both instruments was significantly reduced when shutters were used; the measured signal varied by up to 12% depending on the orientation of the shutter. The shutters should be permanently attached to the SSR, so that the orientation cannot be changed to prevent an increase in uncertainty. The method of using blind pixels from the optically inactive part of the CCD array in a light spectrum could be used to derive the dark signal with some limitations for integration times <10 s for the QE65000. An alternative method of deriving the dark signal from light measurements using out-of-range pixels has been proved impossible due to out-of-range stray light in both instruments. The dark signal was characterised for the range of integration times and ambient temperatures of 15-358 8 8 8 8C. Based on these data, the model of the dark signal was developed so that a single value of the dark signal can be subtracted over the whole spectral range if the instrument temperature is known.
INTRODUCTION
The monitoring of solar ultraviolet radiation (UVR) is dominated by broadband meters, narrow band filter radiometers and a few scanning double grating spectroradiometers (SSR) (1 -4) . The main disadvantage of SSR is the long time required for completing a set of measurements which, for changeable conditions, may lead to a distorted spectrum. The broadband meters and radiometers measure instantly; however, calculated dose rates for any biologically weighted functions have low accuracy (5) . The nearly instantaneous measurement of a broadband meter accompanied by the ability to capture a spectrally resolved signal like a SSR are offered by single grating CCD array spectroradiometers which are now widespread in solar monitoring (5 -8) . Data measured by a CCD array spectroradiometer contains the instrument's background signal. Electronic noise and temperature fluctuations combined produce the background signal in the absence of light. The instrument's background signal depends on integration time and ambient temperature (9) and its subtraction is essential to analysis of an optical radiation spectrum.
Practical methods of determination of the dark signal vary between laboratories. The dark signal measurements can be carried out by blocking light before or immediately after (10) the light acquisition. In a portable solar UVR monitoring unit (8) , the dark signal was characterised for the whole range of integration times and its modelled average was subtracted from the UVR spectrum. If the acquisition time of the instrument (11) is fixed and its temperature controlled, a pre-defined dark signal could be used.
The objective of this paper was to investigate methods of dark signal determination for two CCD array spectroradiometers used in solar UVR measurements, an Ocean Optics QE65000 and a B&WTex Glacier X.
METHODS AND MATERIALS
The following methods of obtaining background signals were considered in this study: † dark signal acquisition before or immediately after light acquisition; † using pixels from the optically inactive part of the array (blind pixels) in the light spectrum; † using out-of-range pixels, e.g. part of array of light spectrum where there is no accessible emission and † characterisation of the dark signal in the laboratory for a range of integration times and temperatures for the development of a dark signal model.
Direct contemporaneous measurements
The dark signal measurements can be carried out by blocking light, using a built-in (12) shutter (13, 14) before or immediately after the light acquisition.
The main disadvantage of this method is that it takes longer to complete a set of measurements for a given light condition and less frequent measurements can be achieved. This is especially the case for long integration times. The technique cannot be used with rapid temperature changes as the light measurement may be carried out at a different temperature to the dark signal measurement.
The additional disadvantage of this method may be loss of signal throughput in the shutters.
Use of light signal
The blind pixels in the optically inactive part of the array can potentially be used to acquire dark signal from the light spectrum.
The other possible approach is to use out-of-range pixels, e.g. pixels from the optically active region of the array, where there is no accessible emission from the source. However, this technique could be only used for the measurements of known sources, for example, solar radiation where emission in the spectral range of 240 -260 nm is not expected on the Earth's surface.
The main advantage of these methods is a shorter gap between measurements as dark and signal information is derived from the same data set. Also, temperature dependence of the dark signal is intrinsically contained in the acquisition.
If the dark signal is substituted by a single number for the whole spectral range, the dark spectrum has to be spectrally flat over the spectral region of interest (e.g. 280 -400 nm for solar UVR measurements) and the pixel range used for the derivation of the dark signal.
Modelled dark signal based on the dark signal characterisation
The dark signal is measured under laboratory conditions for the range of integration times and ambient temperatures. Based on these data, the model of the dark signal can be developed. If the model uses a single number to characterise dark signal over the whole spectral range, the dark signal should be spectrally flat, similar to the condition for the techniques above.
The main advantage of this technique is minimal gap between light measurements. The main disadvantages of this technique are the required dark signal characterisation can be extensive and it is essential to monitor the ambient or instrument temperature during the light acquisition.
Two miniature CCD array spectroradiometers, the QE65000 (Ocean Optics, Inc., Dunedin, FL, USA) and the Glacier X (B&W Tek, Inc., 19 Shea Way, Newark, DE, USA), used in this study were considered for solar UVR measurements. Both instruments (see Table 1 ) had thermoelectrically cooled (TE-cooled) CCD arrays. The TE-cooling temperature of the QE65000 may be user-defined, or the TEcooling disabled; for the Glacier X, the TE-cooling temperature is pre-set by the manufacturer. The spectral ranges for these two instruments were limited to the UVR region commonly adopted for solar UV measurements. The QE65000 had an in-built U-325C solar-blind filter to minimise out-of-range stray light; the Glacier X could be used with an external solarblind filter (Hoya U330).
The dark signal of both instruments was measured for the range of integration times listed in Tables 2  and 3 for the QE65000 and for the Glacier X, respectively. The QE65000 was used with the TE-cooling setting at 2108C. Measurements with TEC ¼ 2208C were not carried out because difference of performance of this instrument between TEC ¼ 2108C and TEC ¼ 2208C settings is insignificant; without TEcooling this instrument is practically unusable for integration times .1 s (9) and such a configuration was not used in this study. The measurements were carried out in the laboratory at a controlled ambient temperature of 228C.
The EQ-99 Laser Driven Light Source LDLS (Energetiq Technology, Inc., Woburn, USA) and a combination of long-pass 395GY filter (Comar Optics, Linton, UK) and long-pass 500IY dichroic filter (Comar Optics, Linton, UK) were used to vary the spectral content of the illumination source as presented in Figure 1 .
For direct contemporaneous measurements of dark signal, four nominally identical in-line INLINE-TTL-S fibre shutters (Ocean Optics, Inc.) with UV enhanced and visible SMA adapters connected to a 600-mm optical fibre (Ocean Optics, Inc.) were used. RESULTS AND DISCUSSION
QE65000
The tested in-line shutters reduce throughput of the instrument to 44 % at 280 nm and transmittance increases with increasing wavelengths to 56 % at 384 nm. Above 280 nm, there is up to 6 % difference in transmission between individual shutters; transmittance of the shutter with a visible SMA adapter is lowest. For the applications where radiation ,280 nm is of interest, shutters with the visible SMA adapters may be unusable due to poor transmission in this spectral range. Throughput of the instruments may also be affected by orientation of the shutters with respect to the entrance slit of the spectroradiometer. It was tested by rotation of the shutter at 0, 90, 180 and 2708; measurements at 08 were repeated to check reproducibility. Between different orientations, the relative signal varied by up to 6 % for UV-B and up to 12 % for longer wavelengths. The highest variations occurred at 908 and the lowest at 2708; repeated measurement at 08 showed the variation of the results at the same orientation to be 1-7 %. In practice, the tested shutters should be permanently attached to the spectroradiometer, so that the orientation cannot be changed after calibration to prevent an increase in uncertainty.
With the exception of two 'hot' pixels, the measured dark signal of the QE65000 is spectrally flat between 280 and 400 nm for the range of tested integration times. Therefore, the dark signal may be characterised by a single number for the whole solar UVR spectral range. Five areas with clusters of blind pixels were found and listed in Table 2 . The mean and standard deviation (SD) of the light signal over five clusters of blind pixels was also calculated and compared with the measured dark signal. Two hot pixels were excluded from the calculations.
For integration times ,10 s, the cluster of blind pixels at 422.67-422.84 nm could be used for derivation of the dark signal for the QE65000. For longer integration times, none of the five clusters of the blind pixels correlates with the measured dark signal: blind pixel in light measurements cannot be used for derivation of the dark signal for the QE65000. It was also found that for integration time .5 s the blind pixels signal changes with the amplitude of signal in active part of the array.
Alternatively, out of range pixels, e.g. optically active part of the CCD array where there is no accessible emission could be used for derivation of the dark signal from the light measurement; for example, 240-260 nm range in the solar UVR. Figure 2 illustrates the signal recorded by the QE65000 from the UVfiltered LDLS with no emission ,450 nm (see Figure 1 ). This signal is substantially higher than the measured dark signal which may be attributed to outof-range stray light, e.g. infrared radiation; therefore, this technique cannot be used for the QE65000.
The calculated mean and SD of the dark signal, over 280 -400 nm, measured at an ambient temperature of 228C for different integration times are listed in Table 2 . Two hot pixels were excluded from the calculations.
The mean and SD of the dark signal is substantially constant for the integration time 0.2 s. For integration time .0.2 s, the mean and SD of the dark signal increase linearly (R 2 ¼ 0.9995) with increasing integration time and the dark signal can be characterised by a single value D(t) calculated using equation (1) for integration up to 50 s
where t is the integration time in seconds and constants 5.88 and 2469 in counts/s and counts, respectively.
The mean of the dark signal and, especially, the SD, for the same integration time increases with the ambient temperature (9) . For measurements at 308C, the dark signal D(t) T could be calculated using equation (1) . The dark signal measured at 15 and 358C could also calculated using equation (1) for integration time up to 10 s; for higher integration time between 10 and 50 s, the dark signal can be calculated using equations (2) 
where t is the integration time in seconds, constants 2.97 and 1.80 are in counts/s and constants 2452 and 2467 in counts.
Glacier X
The tested shutters reduce throughput of the instrument to 42 -37 %. There is up to 6-8 % difference in the shutters' transmission between visible and UV SMA adapters. The relative signal between different shutter's orientations varies by up to 7 % for UV-B and up to 2 % for longer wavelengths. The highest variations occurred at 1808 and the lowest at 908 with measurements at 08 reproducible within 1 %. Therefore, the tested shutters should always be used in the same orientation after calibration to prevent an increase in uncertainty.
The measured dark signal of the Glacier X is spectrally flat over 280-400 nm and the dark signal may be characterised by a single number for this spectral range.
The mean and SD of the blind pixels in 420.8-469.1 nm was calculated for three pixel groups: † whole range of blind pixels in 420.8-469.1 nm; † full range of spectrally flat blind pixels 420.8-423.7 nm and † 422.1-423.7 nm-spectrally flat range of blind pixels excluding first 10 pixels of the range to avoid possible charge leakage from adjacent 'light' pixels.
The mean and SD of the light signal over three blind pixels spectral regions was compared with measured dark signal shown in Table 3 . Three hot pixels were excluded from the mean and SD calculations. For integration times longer than 1 s, the signal is not spectrally flat .423.73 nm and it increases with increasing wavelength; the first blind pixels can be affected by the charge leakage from neighbouring 'light' pixels: using blind pixels in the range of 420.8 -469.1 and 420.8-423.7 nm may significantly overestimate the dark signal and cannot be used for longer integration times. Blind pixels in the spectral range of 422.1 -423.7 nm could overestimate the dark signal by 5-15 %.
An alternative method of deriving the dark signal from light measurements using out-of-range pixels has been proved to be impossible due to the out-ofrange stray light as presented in Figure 3 . Introducing a solar-blind filter to the system reduced the magnitude of this effect but did not eliminate it.
The calculated mean and SD of the dark signal measured at 228C, for different integration times are listed in Table 3 . The mean of the dark signal slightly increases with increasing integration time for the integration time 1 s, with SD ,4.6 %. For higher integration times, the mean and SD of the dark signal increases linearly (R 2 ¼ 1) with increasing integration times and can be characterised by a single value D(t) calculated using equation (4) for integration time up to 60 s
where t is the integration time in seconds and constants 30.5 and 844 are in counts/s and counts, respectively. The mean of the dark signal for the same integration time increases with the ambient temperature while the SD of the dark signal remains constant (9) . In the range of operating temperatures 15-358C, if the Glacier X internal temperature (and therefore, correlated ambient temperature T ) for a particular light measurement is known, the dark signal D T (t) could be calculated using equation (5) 
CONCLUSIONS
The methods for dark signal determination for the QE65000 and the Glacier X CCD array spectroradiometers used for solar UVR measurements have been discussed and tested. A summary of the results is shown in Table 4 . The direct contemporaneous measurements of the dark signal were tested with the Ocean Optics in-line INLINE-TTL-S fibre shutters with the visible and UV SMA adapters. The sensitivity of both instruments was significantly reduced when shutters were used. Furthermore, the measured signal varied by 6-12 and 2-7 % for the QE65000 and the Glacier X, respectively, depending on the orientation of the shutter. The tested shutters should be permanently attached to the spectroradiometer, so that the orientation cannot be changed after calibration to prevent an increase in uncertainty.
The method of using blind pixels from the optically inactive part of the CCD array in a light spectrum could be used for derivation of the dark signal for the QE65000 for integration times lower than 10 s using blind pixels at 422.67 -422.84 nm. For longer integration times, this technique was proven impossible for the QE65000. For the Glacier X, the mean of the signal from the blind pixels over the spectral range 422.1-423.7 nm could be used but it may overestimate the dark signal by 5-15 %. 
